Abstract The development of geometric modelling technologies and web technologies provides the ability to present a virtual 3D product in a mass customization (MC) toolkit. Compared with 2D graphic toolkits, 3D toolkit design requires better consideration of individual customer needs, consumer and toolkit interaction, and also a means of integrating with the underlying technical infrastructure. However, there is currently no widely accepted model or criteria to regulate and evaluate 3D MC toolkit design. Given these considerations, in this paper we provide an evaluation model for web-based 3D toolkits and a heuristic evaluation of two representative commercial web-based 3D toolkits. The evaluation results indicate the usefulness and effectiveness of the model as a scale for evaluating 3D toolkits. It also reveals that despite a fair amount of effort that has been devoted to theoretical research, current 3D toolkits are still at an early development stage. We therefore conclude this paper by identifying and encouraging further topics and questions as directions for future research.
Introduction
The key significance of mass customization (MC) is to provide personalized service and products to meet each consumer's needs and desires [7, 29, 37] . To achieve this, consumers are allowed to take part in activities and processes which used to be controlled by the companies [47] . Toolkits therefore have been widely used in industry as a medium between consumers and manufacturers. Since powerful computers, high-speed Internet and sophisticated web browsers facilitate the efficiency of developing customized products, most toolkits nowadays are computer-based and especially web-based. They allow consumers to design their own products or service by trial-and-error experimentation and also deliver immediate feedback of the potential outcome of their design ideas [17, 29, 34] .
More importantly, the development of geometric modelling provides the means of presenting a virtual 3D product in a mass customization toolkit. Compared with 2D graphic toolkits, 3D toolkits stimulate a 3D product environment that can be interacted with in a seemingly real or physical approach. Therefore, 3D toolkits provide a more direct interaction experience. Consumers can zoom in/out and rotate 3D models to envision the final products [7, 26] . Instead of clicking buttons or moving sliders to customize the product, in certain systems consumers can even directly manipulate 3D models, which gives them a better sense of control. Daugherty et al. [6] claimed that consumers' experience in a 3D environment is similar to examining the real product in a shop. Other researchers [26, 30, 31, 46] agreed that 3D toolkits create a more satisfying experience for consumers than 2D graphic toolkits, which then helps to increase the propensity of purchase. Therefore, 3D toolkits have been considered as the trend of design communication between consumers and manufacturers [22] .
However, the adoption of 3D MC toolkits is still at an early stage. Compared with 2D graphic toolkits, 3D toolkit design requires "greater understanding of customer needs, design options and 3D image representation" [26] . A number of studies showed that poor 3D visualization leads to a higher chance of disorientation or motion sickness [30, 31, 46] . In addition, consumers may have difficulties in understanding 3D virtual models [15] . To achieve effective mass customization, it is therefore vitally important that the 3D toolkits are designed to elicit a satisfying consumer experience.
Given these considerations, this paper aims at designing an evaluation model to assess 3D MC toolkits. In working towards this goal, a literature review is presented in the following section, covering different aspects of 3D toolkit design. Based on the literature review, an evaluation model is proposed, and two 3D MC toolkits are evaluated using this model. In conclusion, significant research findings are presented, and new research questions are identified.
Literature Review
The primary task of a mass customization toolkit is to help consumers as they design or modify a product or service to meet their needs and requirements. To achieve that, it is important to offer consumers appropriate customization options. Solution space, which is understood as all the possible designs a toolkit can provide, has been considered as a determinant factor for designing an effective toolkit [15, 17] .
Solution Space
Solution space decides the design freedom that a toolkit can offer to a consumer. Typically there are two elements related to the design of the solution space: the type of options it provides and the size of the choice set.
Type of Options
The type of options is largely determined by the way that a product can be customized. Hermans [15] categorized four different mechanisms for customization: veneer, modularity, parametric and generative. Veneer customization allows consumers to customize products by adding a visual decorative layer to a product. This has been considered as the most common method of offering customization. The possible options for this mechanism include a list of different texts, graphics, patterns or colours which can be added to the surface of the product by processes such as printing, engraving, etching or embroidery. Modularity customization decomposes products into a set of discrete modules and options for their assembly into a customized design are presented to the user. The individual options in this approach usually feature different component designs or functions. Parametric customization is widely used in 3D toolkits, which allows consumers to customize a product by changing specific parametric values which then change the nature of the product in some way. Generative customization creates 2D or 3D forms based on an algorithm or computer programming. For example, consumers can sketch the side view of a chair and extrude it into a 3D model.
In addition to offering different types of options by considering the method of customization, a number of researchers focused on the functional and aesthetic options offered by MC systems and found functional choices require less spontaneous elaboration than aesthetic choices and aesthetic choices tend to be easier to imagine and to elaborate than functional choices [38] . They suggest providing consumers with aesthetic choices should be the main approach to mass customization, because consumers enjoy themselves more when they customize aesthetic features than functional features, regardless of individual ability differences.
Size of Solution Space
The size of the solution space is the range of unique final products that a toolkit can produce. It is determined by two factors: the number of attributes for customization and the variety of values given by each attribute. However, the ideal size of the solution space is still a matter of debate. On one hand, results of empirical studies have shown that consumers are actually disappointed by the limited choices offered by most existing toolkits [26] . The majority of consumers would like to have more and a larger variety of choices and also play a more active role in the design of products [11, 12, 27] . On the other hand though, it has been found that consumers can be overwhelmed by the number of choices provided by manufacturers, which may lead to "mass confusion" [10, 28, 43] . Hunt et al. [20] found that the relationship between consumer satisfaction and the number of choices can be demonstrated in an inverted U-shaped fashion, i.e. after reaching a certain point, the more choices provided, the less satisfied consumers are. Another proposed approach to this problem is to convert the number of choices into the number of products in a bricks-and-mortar store to get an adequate understanding of how many choices the customer has [10] .
Interaction Design
For online customization, the process of customizing a product is fundamentally a process of human-computer interaction. The quality of the interaction is crucial for the success of mass customization as it determines whether or not the consumer will be able to complete the customization task [41] .
Gerber and Martin [14] suggest that the customization task should be set up step by step as a series of smaller tasks with increasing challenge which helps consumers to avoid getting bored or getting confused. Meanwhile, multiple pathways should be provided to allow consumers to choose their own progression, which helps to give them feelings of autonomy, ownership and control over their creation process [45] . This suggestion has been echoed by [26] which agreed that products which require consumer creativity should be customized in a flexible design procedure. However, for products that require more functionality customization, a top-down hierarchical approach should be used where general features of product functionality are selected prior to detailed design features [25] . Regardless of which approach a toolkit design follows, von Hippel [42] suggests that providing consumers with enough information about the design procedure to let them know which step they are currently in and how many steps there are until completion is very necessary.
In addition, a usable toolkit should provide consumers with clear and proper guidance through all stages of the customization process. For example, a "how-to" video tutorial, a help menu and clickable paths to further explanations can be used as support resources for consumer [14] . In order to encourage creativity, libraries of standard modules should be provided to consumers to help them focus on those aspects of their design that are truly novel, and also a preset design at the starting point is useful to make the process more accessible for consumers [16, 17, 34] .
As the Internet has prompted a "participatory culture", the collaboration between consumers helps to foster joint creativity and problem-solving as well as reduce the perception of risk [34] . Therefore, it is useful to provide an online community, such as a chat room, for instant communication, and space for consumers to leave comments or to assess contributions from each other [14, 34] . In addition, a historical record of work and progress of consumer collaboration around a shared interest helps to guide and inspire further product developments [14] .
3D toolkits are more effective and satisfying than 2D toolkits to some extent because 3D toolkits allow consumers to directly manipulate on the virtual model of the products [26, 30, 31] . Direct manipulation includes the application of real-world metaphors to make the interaction easier for consumers to learn. In addition, the rapid feedback allows consumers to see the results of their actions, therefore giving them a sense of control and strengthening their beliefs about their ability to take further interactions [2] .
Enabling Technologies: 3D Modelling and Web Technologies
Toolkit design is closely related to technology development. Specifically, 3D modelling and web technologies are the two key enabling technologies for 3D toolkit design and consumer interaction. A variety of 3D modelling technologies and web technologies has been developed, and capabilities of different technologies ultimately dictate what is possible in terms of both the solution space and also the interaction techniques that are available. It is therefore important to consider this layer in order to fully evaluate the capabilities of the MC system.
3D Modelling Technologies
The 3D modelling technologies are those which describe the physical shape of the product [18] . This is a virtual representation that is originally defined by the product designer and must be adjustable by the consumer through the interaction design method. 3D modelling technologies are often known as "shape modelling" in the area of computer graphics, which has been used as a generic term for geometric modelling embracing various approaches to representing 3D products. At present, the discipline of shape modelling is in transition from an established design paradigm to a new one, and this is driven by the fundamental requirements that MC rely upon.
The main principle of MC is that the user changes a product through an interactive process. In a 3D MC approach, as the user interacts with the system, the actual shape of the product changes in some way. For this to be possible, the modelling technology has to define not just a single shape but a whole family of shapes. The ways in which the shape is changed from one to another define the interaction design possibilities, and the range of valid shapes defines the solution space.
The method of using adjustable values within a geometric model to change its shape is known as parameterization and is essential in interactive modelling based on user-modifiable definitions [39] and in optimizing shapes to satisfy some design criteria [5] . Mathematical, algorithmic, and software support for defining a parametric family of shapes, such that each new set of parameter values corresponds to another valid instance of a shape, is one of the ultimate goals of shape modelling research and development. It is this parameterization of the model that makes full 3D MC possible, and different methods of parameterization offer different interaction types and different solution spaces. Further, a professional designer and a non-professional consumer have to deal with the same parameterized model using different levels of access to it. For example, a professional designer can decide which parameters consumers can customize, while consumers can only interact with the parameters that the designer selects.
Enabling Web Technologies For the purpose of web-based MC, the consumer needs to interface with the 3D model, to view it and customize the product. Full CAD software is not available or suitable for this application, so lighter weight solutions are needed that run from a web browser. The basic tools available within a web-based environment are HTML and JavaScript scripting language [40] . Some special purpose functionality can be achieved through implementing a small application called an applet which is sent together with the web page to the user and can typically be implemented in the Java language [3] . To handle full interactive 3D graphics, the toolkit needs to employ HTML5 and WebGL [33] .
These technologies will allow the user to interact with a local representation, where the 3D object and means of interaction are based in their web browser. In some cases there can be a high computational requirement, especially when modifying the model using a more powerful representation scheme. In such cases it is likely that the local machine, which could be a portable device such as a smartphone or tablet, is insufficient to handle the requests. Here, some or all computations may be handled by a server that the website contacts in the background to perform the heavier computations [1] .
Individual Differences
Toolkit design is a complex topic that is primarily concerned with creating a satisfying consumer experience. However, every consumer is individual and unique, each with their own skills, aesthetic tastes and physical requirements. In order to create a toolkit that satisfies each consumer, the design of a toolkit must account for these individual differences [8, 13, 29, 38] . [9] found that customers who have strong insights into their own preferences and who know what they want tend to enjoy the process more than customers who lack this preference insight. Lin et al. [21] proposed three variables which are associated with individual differences and consumers' perceived value of mass customized products, namely, a need for optimization, a need for uniqueness and centrality of visual product aesthetics. They found that consumers with a higher need for optimization, a higher need for uniqueness and a higher proclivity towards aesthetics tended to be more satisfied with the final product.
In addition, toolkit design should be concerned with individual differences in knowledge, skills, creative talent and even previous experience in mass customization [4, 8, 13, 29, 38] . For consumers who are highly knowledgeable about customizing products, a complex toolkit that provides them with a large number of options is better suited. Similarly, consumers with more Internet experience prefer more substantive features in a toolkit to those with less experience [4] . In comparison, for less experienced consumers, more guides through the configuration process are necessary, and the size of the solution space should be limited to a few customization possibilities. Salvador et al. [36] claimed that consumers who have greater expertise in a product domain are better served by a parameter-based interface, whereas lower-expertise consumers are better served by a need-based interface. Von Hippel [42] argued a programming interface is more efficient for experts in computer technology, and professional designers who offer original designs for customization should be provided with a different interface and a set of different tools within the same toolkit when compared to ordinary consumers who codesign the final products.
A Model for Evaluating Web-Based 3D Mass Customization Toolkits
Based on the literature review, we propose a framework -an online 3D mass customization toolkit evaluation model -to evaluate online 3D mass customization toolkits with the focus on consumer experience as well as the underlying technical supports and their influence on the design of 3D toolkits (Fig. 1) . The centre of the evaluation model is the toolkit design. This is driven by the underlying technologies, which offer features or limitations to the toolkit design. The interaction design defines the process of customization, while the solution space provides the design possibilities. In addition, individual differences are also an important factor to evaluate because they help to create a satisfying experience for different consumers. In this sense, the evaluation model has been designed from four perspectives: solution space design, interaction design, supporting technologies (i.e. 3D modelling technologies and web technologies) and individual differences.
Solution Space Design
The solution space in this model is used to evaluate how diverse and how large the solution space is, i.e. the variety and quantity of potential designs a toolkit can provide. It is concerned with two aspects: the types of customization options 
Interaction Design
The interaction design criteria here represent the evaluation of a comprehensive process. It does not only include interactions between consumers and the toolkit but also refers to interactions between consumers as well as interactions between consumers and manufacturers. Further, interaction design does not only consider the process of consumer participation but also considers how a toolkit should respond and adjust itself to consumer participation. The criteria for evaluating the interaction design are listed in Table 1 .
3D Modelling and Web Technologies
The evaluation criteria from the 3D modelling technology lead on from the literature review and are broken down into four evaluation categories:
• The representation modelling scheme. These can give us insight into what features are offered to the toolkit design.
• The level of the model parameterization. This directly enables the toolkit to offer both interaction design capabilities and the existence of the solution space. The level of model parameterization can vary from a very basic level with simple transformations (such as scale, rotation) to a high level with support for radical changes to the shape of the product (changing the actual shape, adding holes, additional geometry, etc.). The level of parameterization is closely connected with the representation scheme. • The level of designer's support for modelling and uploading new designs. This shows how much effort a designer applies to produce a new parameterized model and to make it available to customers. For example, generative modelling for boundary representations typically requires programming a new applet or plugin to produce a design instance for the given set of parameters. On the other hand, function representation allows for a simple save and uploads procedure as the representation itself supports a high parameterization level.
• Required web technologies. Here we distinguish between basic toolkits with HTML and JavaScript implementations, advanced with Java applets and highly 3D interactive with HTML5 and WebGL employed. The required technologies can influence how the site can be viewed (e.g. on smartphone/tablet or PC) which can further affect the consumer experience. 
Individual Differences
Individual differences here are used to assess the ability of a toolkit to consider each consumer's differences in previous experience, knowledge, ability and skills. Typically, an adaptive approach for toolkit design is required in order to design a toolkit tailored to each consumer's differences. This can be achieved through three approaches:
• Provide different starting points by assessing consumer's previous experience of using the toolkit -the toolkit can "remember" previous difficulties or successes for consumers to complete a task and modify the solution space and interaction design based on the frequency and success of previous attempts.
• Provide multiple pathways to achieving a task -consumers should be able to choose their own pathway through to customize a product. • Provide assortment matching, i.e. automatically recommend configurations for consumers by matching their needs with characteristics of existing solution spaces [37] .
A Heuristic Evaluation of Online 3D Toolkits
In order to better understand the proposed evaluation model for online 3D MC toolkit and the specific principles developed in this study, a heuristic evaluation was applied to two online 3D MC toolkits design: Sandboxr 1 and Nervous System 2 . A heuristic evaluation is an inspection technique which aims at identifying usability problems associated with the design of user interfaces by applying a set of predefined evaluation principles [32] . A number of studies also confirmed that heuristic evaluation helps designers to find important classes of problems that are not always found with user testing [23, 24] . Due to its flexible nature of application, heuristic evaluation has been adapted to a range of specialized domains, including game design [35] and e-commerce website design [19] . In this study, heuristic evaluation was adapted to evaluating online MC toolkit design.
Sandboxr is an online 3D MC toolkit allowing consumers to create customized 3D printed figures of video game characters. It applies a modularity approach which allows consumers to select different parts, i.e. modules of the product and assemble them to design a final product. Nervous System follows a generative approach to customization which creates computer simulations or algorithms to generate designs.
Sandboxr provides option lists that allow consumers to choose the design they want. In particular, all the options in Sandboxr are predetermined by designers or manufacturers, which means designers or manufacturers retain the ultimate control over the design of the product. In this case, the size of the solution space is limited by the number of modules that designers or manufacturers allow consumers to customize and the options they provide.
Nervous System on the contrary offers more design freedom and creativity to consumers. Nervous System provides a set of tools that allow consumers to directly manipulate and modify the structure of the 3D model in real time. However, the generative approach taken by Nervous System means that each of their designs is the output of a computer program. Each application on the Nervous System website therefore needs programmers to write code for their implementation, which is not easy or flexible for generating more designs in a short time.
Regarding the interaction design, the two toolkits follow some of the guidelines identified in Table 1 , but also fail to follow others. Instead of letting consumers design from scratch, both toolkits provide a preset design as the starting point. This helps to make the process more understandable and accessible for consumers. Sandboxr employs a predesigned customization procedure, i.e. consumers have to follow a strict order to customize a game figure. A timeline is used to tell consumers which step they are in and how many steps remain until completion. Nervous System provides a flexible design procedure, but it does not provide enough information to let consumers know which step they are in. Therefore, it is easier for consumers to get lost especially considering it has a vast solution space. Sandboxr does not allow consumers to save unfinished designs, and it provides no way for consumers to compare different design ideas. On Nervous System website, consumers can name their design and save it to a database at any time. They can return later and edit the saved design to complete the order. In this case, Nervous System provides consumers with more support for their creativities.
The direct manipulation of the 3D model on Sandboxr is limited. Consumers can only rotate the 3D model but not zoom in/out or change the structure of the 3D model. After consumers make the decision at each step, it takes a while for the toolkit to show the outcome. Nervous System gives more freedom to consumers. It allows consumers to directly manipulate the 3D model and modify its shape and structure. Feedback of the consumer's customization changes is instant which gives consumers a strong sense of control.
The limitation of consumer interaction to a large extent is because of the 3D modelling technologies the toolkit employs. Sandboxr employs traditional textured polygonal meshes as their geometric model representation. The model parameterization is limited to size selection. Nervous System uses polygonal meshes to represent geometric models. It provides a very high level of parameterization. Each model has to be generated from scratch by generative modelling software tools rather than traditional CAD design tools. Here, the designer has to closely work with or to be a software developer to properly implement the generative procedures in software. Nervous System is also a very advanced toolkit from the web technology point of view, incorporating several scripting languages and WebGL.
Despite providing an adaptive approach to toolkit design ensures the usability and accessibility of toolkits for consumers with different skills, experience and knowledge, neither Nervous System nor Sandboxr considers individual differences among the actual consumer group. However, mass customization is currently still at an early stage of development. Technical limitations and the lack of proper design strategies mean that an adaptive approach to toolkit design is currently still just a theory. It is expected that future toolkits will meet different consumer's needs and requirements.
Conclusion and Future Work
In this paper, we have provided an overview of existing studies in MC toolkit design, giving particular focus to online 3D MC toolkits and the consumers' interactions with the toolkits. Based on this review, we have proposed an evaluation model, which attempts to provide a comprehensive understanding of 3D toolkit design from four aspects: consumer, solution space, consumer-toolkit interaction and technological support. Specifically, individual difference, solution space, interaction design, 3D modelling technology and web technology constitute the key dimensions for evaluating 3D MC toolkits. Despite a fair amount of efforts that have been devoted to theoretical research, current 3D toolkits are still at an early development stage, and a number of research questions need to be addressed as directions for future research.
Previous research has found that individual differences in knowledge, skill, creative talent and previous experience require different design strategies for solution space design and interaction design. Despite a number of studies suggesting how to adapt toolkit design to different consumers, few efforts have actually been made to apply them into practice. Therefore, research questions that we suggest should be considered in terms of individual differences include:
• In addition to knowledge, skill, creative talent and previous experience, what other individual factors would influence toolkit design? For example, gender? Age? Income? • What is the best way to discover individual differences, especially for new customers? An explicit approach, for example, could directly ask the consumer's gender or preferences or an implicit approach that the toolkit adapts itself to consumer capabilities without letting them know.
• Given a set of identified differences, how should the toolkit adapt itself to best suit these?
Solution space design is understood as all the possible designs a toolkit can provide. Specifically, the size of the solution space and the types of options are two main concerns. Here we argue that the size of the solution space is not a single dimension. It is influenced by a number of factors, such as the type of product and the approaches of customization. For example, the number of options for customizing the aesthetic aspect of a product may be different from the number of options for customizing the functional aspect of a product because the function of a product may be restricted from a practical purpose as well as safety or legal concerns. Given these considerations, we suggest that future research questions which should be considered for solution space design include:
• What are the factors that influence the size of the solution space?
• What are the efficient ways of organizing options for different customization approaches, i.e. veneer, modularity, parametric and generative approaches, to avoid mass confusion? • What auxiliary information should be provided to help consumers understand each customizable option, e.g. how to interact with it and what effects it will bring to customizing the product? • Considering individual differences, what is the best way to adapt the solution space design to different consumer's needs and preferences?
Interaction design refers to the process of the consumer interacting with the toolkits and customizing the product. Most MC toolkits are lacking in basic HCI principles [44] . We suggest the following research questions for future research in interaction design for MC:
• What HCI principles should be followed by mass customization toolkit design?
• What support can be provided to the consumers to help them understand the process of interaction and customizing the product? • What are the effective ways to encourage consumer's interaction and creativity while customizing the product? • Considering individual differences, what different interactive strategies can be applied to difference consumers or consumer groups?
The design of a toolkit is closely related to technical development. In particular, 3D toolkit design is a special area which is quite different from 2D toolkit design in terms of the visual representation of products and the way consumers interact with the toolkits. Therefore, 3D toolkits bring different experiences to consumers when compared to 2D toolkits, which also have higher requirements for the technical support, especially for the development of 3D modelling and web technologies. Different technologies bring different capabilities and restrictions to toolkit design, many of which can only be improved by technical breakthroughs in the future. Therefore, future research questions in terms of enabling technologies include:
• What are the most intuitive interface elements for an MC model and how can they be supported by the modelling representation scheme? From a technical standpoint, one of the easiest ways to technically provide access to a model's parameters is through slider interface elements, but this is not necessarily the most intuitive from the user's standpoint.
• How can MC interfaces make better use of established and emerging technologies and portable devices, including touchscreen, gestures or VR? • How could a collaborative interface be presented for MC, reflecting requirements and views of different audiences? This would allow a professional designer and client to look at the same artefact but see them in different ways and interact with them through a different interface in different ways.
• Given recent advances in multimaterial 3D printing hardware and supporting model representation schemes, how can a viable and intuitive interface be made for multimaterial products and how can these be made available for MC?
This study helps us understand the current state of MC research especially in terms of toolkit design in academia. However, most current studies take a theoretical approach rather than an empirical approach to propose their research findings. In other words, researchers draw their conclusions based on their knowledge in related areas (e.g. HCI, psychology, etc.) or their analysis of a few online MC toolkits rather than actually observing consumers using toolkits to customize a product or testing their findings on consumers. Therefore, in the future, we expect to conduct user studies to test what we find in this study and conduct empirical studies to discover the answers to the research questions we proposed above. In the end, we hope to construct comprehensive and systematic design guides for online 3D mass customization toolkit design.
